The advantages of photo degradation for remediation of potentially hazardous and widely used explosives deposited in ground and surface water reserves has received continuous attention from researchers over the past 20 years, particularly due to energy efficiency, rapidness and the environmental safety associated with photo degradation processes. Hence, this review has introduced an up-to-date collation of knowledge regarding the radiation sources for effective photo degradation of cyclic nitramine and nitroaromatic explosives, irradiation time, photocatalysts as well as important physical-chemical parameters such as pH and substrate concentrations. Most importantly, this review has highlighted the fact that recent advances in continuous-flow photo chemistry, micro photo-reactor technology, energy efficient light sources at low wavelengths as well as advances in synthesizing photosensitive nanostructures have opened up new possibilities in regards to the application of advanced oxidation technology using photon energy for rapid, safe and energy efficient remediation of hazardous organic contaminants in the environment.
Introduction
Contamination of surface and ground water reserves resulting from the release of energetic materials (EM) contained in pink water (generated during the demilitarisation of munitions in the factories by sinking the munitions in hot water basins) as well as in red water (generated during the production of munitions in ammunition plants) is a serious problem worldwide. [1] [2] [3] In 2010, more than 12 million pounds of EMs were released into waterways by the US Army's Radford Ammunition Plant. 4 Additionally, EMs contained in unexploded ordnances in warfare zones and live ring ranges were reported to inltrate into the near-surface and ground water reserves via leaching through soil. 5, 6 Certini et al. 7 attributed the modern era Author of more than 300 scientic publications including 3 monographs, 9 Chapters in books, 290 regular papers and 12 patents. Research interest is associated with development of new advanced adsorbents and ow through technologies for various separation and detection techniques. Member of advisory and editorial boards for 6 international journals in the eld of analytical chemistry and separation sciences. Editor-in-Chief of journal Current Chromatography. chemical contamination of soils by warfare activities and the resultant negative impact on ground water quality largely to EMs such as, cyclic nitramine and nitroaromatic explosives. Both cyclic nitramine and nitroaromatic explosives were classied as high explosives (HE) in the United Nations listing due to their mass explosion hazards through secondary detonation. 8 Hence, the environmental remediation of cyclic nitramine and nitroaromatic explosives through degradation is an important task as it aims to abating the detrimental impacts of such substances on human health and ecosystem. Depending on the chemical and physical characteristics of the EM in the target explosives to be degraded, fours types of degradation techniques namely, acid degradation, photo degradation, thermal degradation and bio degradation were employed by the remediation practitioners and chemists.
9,10 Fig. 1 illustrates the chemical structures of the cyclic nitramine and nitroaromatic explosives currently being used worldwide.
The fate and transport of cyclic nitramine and nitroaromatic explosives were extensively studied by researchers with a view to understand the far reaching impact of such EMs on human health and environment through potential transport pathways.
Sorption and transport studies of various nitramine and nitroaromatic explosives established the fact that nitramine explosives such as RDX and CL-20 as well as photo degraded products of nitroaromatic explosives such as 2-amino-4,6-dinitrobenzoic acid can reach groundwater through sorption of these HE molecules/degradation products to the colloidal fractions of soil. [11] [12] [13] To the contrary, undegraded nitroaromatic explosives such as 2,4,6-TNT was reported to be increasingly partitioned to soil-immobile phase which inhibited its transport to groundwater.
14 The relatively high aqueous solubility of TNT (130 mg L À1 at 20 C;
15
) compared to that of RDX (38.9 mg L À1 at 20 C; 16 ) and CL-20 (3.11 mg L À1 at 20 C; 17 ) may contribute towards faster dissolution and transport of TNT into the surface water reserves via surface runoff rather than groundwater reserves via sorption and leaching. Brannon and Myers 18 described the dissolution of cyclic nitramine and nitroaromatic explosives into the aqueous phase as one of the primary processes determining their fate, once released into the environment. Both Kalderis et al. 9 and Pichtel 10 reported photolysis of cyclic nitramine and nitroaromatic explosives in aqueous phase as the major transformation process in waste streams and surface water bodies in terms of degree of mineralisation and rapidness compared to other transformation processes such as hydrolysis, thermolysis and bio degradation. Additionally, Bordeleau et al. 19 ascribed photolysis as a major attenuation mechanism while investigating photo degradation of RDX in inltrated water and surface water bodies aer the release of this HE from a military training range nearby.
A number of cyclic nitramine and nitroaromatic HEs such as RDX and 1,3,5-TNB (a degradation product of TNT) were identied as potential water contaminants by the USEPA. 20 The detrimental effects of cyclic nitramine and nitroaromatic explosives and their residues on human health and ecosystem were well documented in literatures. 16, [21] [22] [23] [24] Detailed accounts of bitter taste, burning eyes and discolouration of skin and hair of workers in TNT and DNT disposal facilities were presented by Letzel et al.
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In 2002, a total of 6.2 metric tons of nitroaromatic explosives such as, NB and DNT were released in soil in the United States with 70 sites contaminated with nitroarene and their chemical precursors. 21 In 2006, 3130 metric tons of cyclic nitramine explosives such as RDX was produced in the USA. 26 The 2015 Australian explosive manufacturing market research report stated 5.2% annual growth of explosive production from 2011 to 2016. 27 In the 2013-2014 nancial year, Australia had a 3.5 billion dollar explosive industry which mainly produced cyclic nitramines, nitroaromatics and ammonium nitrate based commercial explosives. 28 A site specic policy by the Department of Defence (DOD) in Australia stipulated the use of the chemical oxidation/reduction technologies for the remediation of cyclic nitramine and nitroaromatic explosives in groundwater mainly due to the shorter clean-up time compared to bio degradation technologies. 29 Additionally, Sheremata et al. 30 reported that only traces of RDX were mineralised to CO 2 and N 2 O by the indigenous microorganisms in nonsterile topsoil with production of toxic nitroso metabolites such as MNX, DNX and TNX in aqueous phase and 55-99% recovery of RDX from sterile topsoil aer 5 weeks. Although the chemotaxis-mediated biodegradation of 20 mM cyclic nitramine explosives such as RDX, HMX and CL-20 resulted relatively faster mineralisation within 50 hours 31 and photo assisted biological transformation of 30 mM RDX required 40 hours, 32 the inuence of initial concentrations of HEs and pH in aqueous solutions on such degradation were unknown. The nitroaromatic explosives contain at least one nitro (-NO 2 ) group attached to the aromatic ring which contributes to formation of stable complexes as well as recalcitrance to oxidative degradation in the environment. 21 Additionally, cyclic nitramine explosives contain at least one nitro (-NO 2 ) group along with amine (-NH 2 ) or nitroso (-NO) group, with at least three nitrogen atoms forming the cyclic structure. 33 The denitration of RDX in aqueous solutions by photolysis was reported to be more rapid than the enzymatic denitration of RDX.
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Hence, during the past 20 years, researchers utilised the high absorption of photon energy by the nitro (-NO 2 ) groups present in the cyclic nitramine and nitroaromatic explosives at various wavelengths with a view to initiate photo degradation and complete mineralisation of these HEs rapidly. The two earliest works on photo degradation of nitroaromatic explosives in aqueous solutions were undertaken by Mabey et al. 35 and
Simmons and Zepp. 36 Since then a steady growth of interest in photolysis of both nitroaromatic and cyclic nitramine explosives was observed as illustrated in Fig. 2 .
Despite the fact that photo degradation is a very cost effective, safe and rapid remediation technique for cyclic nitramine and nitroaromatic explosives, only one review paper regarding remediation of trinitrotoluene in water partially addressed photo degradation along with other processes. 15 Hence, there is a need to collate the detailed knowledge regarding the absorption wavelength, characteristics of the light sources, photo degradation products, pH of the aqueous solutions, inuence of photo catalysts and photo sensitizers as well as initial concentrations of these explosives for better implementation of photo degradation based remediation technology of these HEs. The aim of this review is, therefore, to collate the knowledge from the photo degradation studies of cyclic nitramine and nitroaromatic explosives from the past 20 years with a view to inform remediation practitioners with up-to-date scientic knowledge regarding the applicability of photo degradation of these HEs as a rapid, safe and energy efficient technology.
Methods of photo degradation
The photo degradation process starts with the initial selection of the phases of the reactants and the catalysts in the solution. Depending on the reactants and catalysts in the same or different phases, the photo degradation methods can be either homogeneous or heterogeneous, respectively. Interestingly, both the homogeneous and heterogeneous photo degradation can only incorporate two different modes of operating conditions inside the physical reactors where the degradation takes place. Depending on costs of reagents, degradation time required to mineralising the target hazardous substances as well as fate and toxicity of the degradation products, the photo degradation process may employ reactors which incorporate either batch mode or continuous-ow mode. The photo degradation of the target analytes in homogeneous phase may take place without any additives such as catalysts, promoters, photosensitizers or reagents. Hence, we termed the photo degradation reaction in the absence of any additives in the homogeneous phase as direct photo degradation. However, in many instances, the photo degradation reactions employ different additives to enhance the reaction rates in both homogeneous and heterogeneous phases. Fig. 3 illustrated the different methods of photo degradation.
Photo degradation of explosives
Photo degradation of explosives in soil and water is an effective technique that employed the energy of photons from various light sources to cause dissociation of bonds within the explosive molecule to create simpler molecules. The high absorption of photon energy by the nitro (-NO 2 ) groups present in cyclic nitramine and nitroaromatic explosive molecules from ultraviolet and visible light sources is the main driving force behind the photo degradation of these HEs. The cyclic nitramine and nitroaromatic explosives include 2,4,6-TNT, 1,3,5-TNB, 2,4-DNT, 2,6-DNT, 1,3-DNB, 1,4-DNB, tetryl, TNP, RDX, HMX, HNS, HNB, NAN, DNAN, NTO, TATB and TNR. 21, 37 Since 2011, the TNT based explosives in artillery shells of US Army were gradually being replaced by IMX-101 which is a mixture of DNAN, NTO and nitroguanidine (NQ).
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Recently, Mahbub et al. 39 reported another type of explosive known as organic peroxide explosives (OPEs) that manifested efficient photo degradation phenomenon despite having very low molar absorptivity coefficients. As opposed to cyclic nitramines and nitroaromatic explosives, the OPEs are extremely unstable and very sensitive to temperature, shock and friction. Hence, OPEs are not suitable for mass production as military/commercial explosives. Additionally, the hazardous effects of OPEs on human health and ecosystem are not yet established. Hence, this review will not discuss the photo degradation of OPEs.
The photo degradability of these HEs will depend on the photon absorption characteristics of the explosive molecules at a particular wavelength. Dubroca et al. 40 investigated the absorption spectra of TNT, RDX, HMX and tetryl in UV and visible region and reported that the intermolecular hydrogen bonding of these molecules was the key parameter that controlled the photon absorption. In an earlier kinetic study of fulvic acid initiated photolysis of 19 nitroaromatic compounds in aqueous solution with explosive potential, Simmons and Zepp 36 demonstrated that the largest enhancement in the rate of photolysis, ranging from 2 to 26 fold, occurred for nitroaromatics that were methylated ortho to the nitro group. Table 1 compiled the molar absorptivity coefficients at maximum absorption wavelengths of various cyclic nitramine and nitroaromatic explosives.
Photo degradation methods applied to the cyclic nitramine and nitroaromatic explosives There were many examples when researchers simply utilised different light sources without employing any additives in terms of catalysts, promoters, photosensitizers or reagents in the photochemical reaction. Therefore, the subsequent discussions of photo degradation of cyclic nitramine and nitroaromatic explosives will cover photo degradation methods applied for degrading these HEs with and without additives. The discussions also focussed on key information needed for remediation practice such as energy requirement by the light source, yield and products of degradation as well as irradiation time.
Direct photo degradation
Just and Schnoor 47 employed direct photo degradation of RDX using simulated sunlight (170-2200 nm) generated from a 1000 W metal halide lamp. Direct photo degradation of nitrobenzene was reported by Li et al. 48 at a wavelength of 172 nm. However, they found that UV photocatalytic degradation of nitrobenzene in presence of H 2 O 2 was 3 times more efficient than UV only in terms of irradiation time. A comparison between direct photo degradations of CL-20 and RDX was carried out by Hawari et al. 34, 49 The initial photo degradation of the monocyclic nitramine (RDX) lead to ring cleavage and decomposition yielding HCHO, HCOOH, NH 2 49 The natural photo degradation of RDX and nitroglycerin in aqueous and solid samples collected from military training camps were undertaken by Bordeleau et al.
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They reported UV degradation of both compounds when dissolved in water, with half-lives between 1 and 120 days. Much slower rates of photo degradation (half lives 2-4 months) were reported for RDX and nitroglycerin bearing solid particles by Bordeleau et al. 19 Recently,Čapka et al. 50 employed 125 W highpressure mercury lamp to convert -NO 2 and -ONO groups, typical for cyclic nitramine and nitroaromatic explosives such as HMX, RDX, tetryl, TNT, 2,4-DNT, 2,6-DNT, TNB, 1,3-DNB and NB, to peroxynitrite by absorption of UV light and peroxynitrite was detected by the chemiluminescence reaction with the alkaline solution of luminol. The chemical and physical fates of trace amount of TNT and RDX in environment were reported by Kunz et al. 51 through direct UV photo degradation using 150 W halogen source and formation of 2-aminodinirotoluene and 4-aminodinirotoluene were reported along with net loss of mass of TNT through sublimation within 30 min irradiation. Interestingly, no degradation product of RDX was reported by Kunz et al., 51 which suggested that the initial concentration of RDX may play a crucial role on the yield of direct photo degradation of RDX. The direct photo degradation as well as humic acid and salt (NaCl) sensitised homogeneous photo degradation of 2,4-DNT in aqueous solution resulted in 50% degradation in 4 hour, 2 hour and 1 hour, respectively.
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Homogeneous photo degradation
The homogeneous photo degradation of nitroaromatics employed UV oxidation with ozone, [53] [54] [55] or with hydrogen peroxide, 53, 56 or with the Fenton's reagent (H 2 O 2 + Fe 2+ ).
57,58
Rodgers 59 criticised that despite removing 2,4,6-TNT from solution, 1,3,5-TNB was one of degradation products of TNT resulting from UV oxidation with O 3 . Hence, the toxicity of the solution was retained even aer the UV oxidation with O 3 .
Liou et al. 60 reported oxidative destruction of TNP, AP, 2,4-DNT, tetryl and 2,4,6-TNT, RDX and HMX using Fenton and photo-Fenton processes. For all explosives, Liou et al. 60 found that the oxidation rates signicantly increased with increasing the concentration of Fe 2+ in the Fenton system, as well as through illumination with UV light in the photo-Fenton system. The added UV efficiency of photo-Fenton compared to Fenton system was reported within a range of 1-3 by Liou et al. 60 and is reproduced in Table 2 . these innovative UV sources have been under-utilised in the degradation of nitroaromatics and cyclic nitramine explosives. Other methods such as ushing with cyclodextrin solution in photo-Fenton treatment of TNT for its removal from contaminated soil was employed by Yardin and Chiron 63 and they reported 1.3 times increase in the TNT degradation rate which was ascribed to the formation of a ternary complex (TNTcyclodextrin-iron) that directed hydroxyl radical reaction toward the oxidation of TNT.
Heterogeneous photo degradation
Rodgers and Bunce
22 termed heterogeneous photolysis as the processes where OHc radicals were generated at the surface of a semiconductor (such as TiO 2 ) in presence of UVA light (400-320 nm). Due to competition between electron-hole recombination and water oxidation in aqueous solution, the semiconductor assisted photolysis was deemed to be an inefficient technique for the degradation of organic pollutants. 22 Anatase TiO 2 suspension with UV radiation was employed by Lee et al. 64 to photodegrade aqueous form of TNT, RDX and HMX without sufficient information regarding the support mechanism for immobilisation of TiO 2 72 to reduce nitrobenzene to aniline under visible light. Approximately 100% decomposition of aqueous 0.8 mM nitrobenzene to aniline under 4 hour irradiation under visible light source from xenon (Xe) lamp with maximum emission at 470 nm was reported in this study.
The weak reactivity of RDX and HMX and their poor degradation yield in TiO 2 -UV photo degradation scheme was reported by Perchet et al. 73 While they attributed the weak reactivity of RDX and HMX to their incapacity to approach the TiO 2 catalyst surface, the effect of experimental pH condition of such reactivity was not discussed by Perchet et al. 73 To the contrary, wavelengths >320 nm from a xenon source at pH ranging 3 to 11 were employed by Dillert et al. 74 for homogeneous and heterogeneous photo degradation of TNT and TNB. At pH 7, Dillert et al. 74 found that TiO 2 -UV photo degradation reaction rate of TNT was similar to the photo degradation reaction rate of TNT in H 2 O 2 -UV. However, photo degradation reaction rate of degradation product of TNT (i.e., TNB) was reduced by 16 fold in H 2 O 2 -UV homogeneous system at pH 7. There was a general increase in the photo degradation reaction rate of TNT in TiO 2 -UV suspension than in H 2 O 2 -UV solution for an increase of pH from 3 to 11. However, this effect was not observed for the TNB solutions. Although it was ascribed by Dillert et al. 74 that the bathochromic and hypsochromic shis of UV-vis absorption of TNT with increased pH were more pronounced in homogeneous solutions than TiO 2 -UV, the slower rate of TNB photo degradation in homogeneous solutions prompted them to recommend in favour of TiO 2 -UV system for TNT and TNB photo degradation. More recently, Khue et al. 75 reported 100% degradation of 2,4,6-trinitroresorcine (TNR) in 30 minutes in homogeneous H 2 O 2 -UV system. Nevertheless, they found that the combined application of nano-TiO 2 (anatase)/UV/H 2 O 2 was the most efficient system for the 98% removal of the degradation product of TNR in 60 minutes.
Parameters affecting photo degradation of cyclic nitramine and nitroaromatic explosives
The radiation source and wavelength, radiation time and catalysts and photosensitizers used in photo degradation, initial concentrations of explosives as well as pH of the solution can affect the yields of photo degradation. Tables 3-5 and the subsequent discussions summarised the parameters affecting all three types of photo degradation discussed in this review.
Radiation source and wavelength
To apply the photo degradation techniques effectively, researchers utilised the ultraviolet absorption wavelength of the energetic molecules, where applicable. For example, the molar absorptivity coefficient of HMX was reported in the order of 21 000 M À1 cm À1 at a maximum absorption wavelength of 225 nm in Table 1 . Hence, Wang et al. 114 employed 229 nm laser UV irradiation for direct photo degradation of HMX in solid samples without reporting details of photo degradation yields and photo degradation products. Additionally, Tanjaroon et al. 86 reported photo dissociation rate of NB as 1.7 Â 10 7 s À1 at 266 nm using picosecond tunable laser where NB was excited to higher absorption band at 250 and 266 nm than at 280 nm from its ground state. This was in conformity with the maximum absorption wavelength of NB at 260 nm as illustrated in Table 1 .
For both direct and homogeneous photo degradation of cyclic nitramine and nitroaromatic explosives, the radiation sources primarily employed were mercury vapour lamps ranging from low to medium pressure. For heterogeneous photo degradation of these explosives, high pressure xenon lamps and simulated sunlights were employed. This generally implied to the higher energy requirements in the heterogeneous process for the photo degradation of these explosives. To the contrary, the usual 254 nm wavelength of the mercury vapour lamps was not sufficient for complete mineralisation of these HEs in the direct photo degradation schemes. Near 100% photo degradation was reported in the homogeneous photo degradation schemes that employed the 254 nm wavelength. The heterogeneous photo degradation systems reported 67-100% photo degradation of HEs using wavelengths ranged from 300 to 800 nm.
Radiation time
The irradiation times varied 0.37 to 15 minutes for direct photo degradation of cyclic nitramine and nitroaromatic explosives where low pressure mercury sources were used. Hence, the direct photo degradation mechanisms are suitable for implementing ultra-fast continuous-ow micro-photoreactor technology. To the contrary, the homogeneous photo degradation mechanisms required 10 to 240 minutes irradiation while the heterogeneous photo degradation mechanisms required 90 to 1200 minutes irradiation times. Although the irradiation time will depend on initial concentrations of explosives, the usually longer irradiation times in homogeneous and heterogeneous photo degradation systems will require special design considerations for implementing fast and continuous-ow microphotoreactor technology for the degradation of nitroaromatics and cyclic nitramine explosives.
Catalysts and photosensitizers used
All of the homogeneous photo degradation mechanisms of nitroaromatics and cyclic nitramine explosives employed either Fenton's reagent (H 2 O 2 + Fe 2+ ) or ozone as catalysts while the heterogeneous photo degradation mechanisms of nitroaromatics and cyclic nitramine explosives employed metal oxides such as graphene oxide, ZnO, TiO 2 as well as sulphides such as CdS as catalysts. Yang et al. 84 and Cui et al. 85 employed riboavin as a photosensitizer for photo degradation of 2,4,6-TNT under natural sunlight. The combined effect of photosensitizer such as humic acid and photocatalyst such as TiO 2 on the photo degradation of 2,4,6-TNT in near UV radiation (l > 340 nm) was reported by Schmelling et al. 110 The strong absorbance of humic acid in the visible region was attributed to the increased rate of sensitised degradation (both photolytic and photocatalytic) of TNT. Nevertheless, the scavenging of reactive species such as OHc by the photosensitizers may lower the rate of direct photocatalytic transformation of nitroaromatic and cyclic nitramine explosives. Recently, Vione et al. 115 reported that 10-55% degradation of NB in deep water bodies (10 m depth with dissolved organic carbon concentration 10 mg L À1 ) occurred due to homogeneous photo degradation in presence of chromophoric dissolved organic matters (CDOMs) where OHc radicals were scavenged by the dissolved organic matters (either chromophoric or not). Hence, the choice of catalysts or photosensitizers in photo degradation studies of cyclic nitramine and nitroaromatic explosives depends on the reactivity of the radicals towards these explosives during photo reaction.
Initial concentrations of explosives
Lee et al. 64 reported increased rates of heterogeneous photo degradation of HMX in anatase TiO 2 suspension at decreasing initial concentrations of HMX of 2, 1 and 0.5 mg L À1 . It should be noted that while the rate of photo degradation can increase with decreasing initial concentrations of explosives, the initial reaction rate actually increases with increasing initial concentrations of explosives. For example, Priya and Madras 97 reported the increased initial reaction rates with increasing initial concentrations (from 0-0.7 M) of various nitroaromatic explosives such as NB and 1,3-DNB in both combustion synthesized TiO 2 (CST) and Degussa P-25 TiO 2 suspensions. Priya and Madras 97 found faster initial reaction rates in the CST mainly due to the higher surface area, lower band gap and higher hydroxyl species content of CST compared to that of Degussa. The effects of initial concentrations of explosives on the degradation efficiency in both homogeneous and heterogeneous photo degradation systems were also studied by HerreraMelián et al. 117 also re-established the fact that salinity alone had a negligible impact on the degradation of TNT and RDX in aqueous solutions and RDX was more stable than TNT in aqueous solutions aer 3 days of UV exposure. Table 6 is reproduced from Dillert et al. 112 to demonstrate the relatively unchanged initial reaction rate for a number of nitroaromatic compounds at acidic and alkaline pH.
Future direction of application of photo degradation in explosive remediation
The future direction of application of photo degradation in remediation of extremely hazardous organic substances such as explosives will rely on the integration of engineering advancements facilitating the pilot or industry scale application of following photo-oxidative processes with principles of photochemistry: In this context, the recent advances of the continuous-ow photochemistry have been described as the next generation mean for 'rapid, safe and efficient' application of photon sciences in a number of industries such as, water treatment, polymer synthesis, nanoparticle and small molecule synthesis. 119 It is important to note that all of the above listed photo-oxidative processes can be applied in both batch photo reactors and continuous-ow photo reactors. At present the batch photo reactors overwhelmingly outnumber continuousow photo reactors in the context of large scale application of photo degradation. This could be attributed to lack of research studies regarding the effects of the irradiation time, radiation sources, radiation and mass transport constraints as well as solvent constraints on the quantum yields of various photochemical reactions to facilitate "scale-up" in continuous-ow photo reactors. 120 However, the recent evolution of microreactor technology and its impact on continuous-ow photochemistry have the potential to overcome the "scale-up" issues encountered in continuous-ow photo reactors. 121 In this context, Su et al.
122 demonstrated 2 n (n ¼ 0, 1, 2, 3) parallel micro photo reactors to scale-up the photocatalytic aerobic oxidation of thiols to disuldes with excellent yield result. Various homogeneous and heterogeneous photocatalytic reactions in continuous-ow micro photo reactors with comparable yields at a much faster rate compared to batch photo reactors were reported by Oelgemöller. 121 Additionally, recent advances in the development of light emitting diodes (LEDs) in vacuum UV range with high radiometric energy efficiency 123 as well as LED based accurate and facile techniques to measure the radiometric outputs of different light sources 124 will surely play a signicant role in regards to the development of highly energy efficient light sources at low wavelength particularly in industrial applications of continuous-ow photochemistry in coming decades. Nonetheless, the remediation of cyclic nitramine and nitroaromatic explosives in liquid form using the micro photo reactor technology is not reported yet and it is envisaged that the requirement of fast, safe, green and cost effective remediation of these hazardous explosives in liquid form will surely draw researchers' attention into the integration of continuousow micro photo reactor technology with the aforementioned photo-oxidative processes.
Neither homogeneous nor heterogeneous photocatalytic systems currently have complete upper-hand for the degradation of nitroaromatic explosives. While the electron-hole recombination is a major and well-known disadvantage in large scale heterogeneous photocatalytic systems, sustainable methods to suppress electron-hole recombination process in graphene modied TiO 2 photo catalytic systems using cheap industrial organic waste products such as, glycerols were investigated by Ibadurrohman and Hellgardt. 125 Recently, signicant efforts have also been made to shi the light sensitivity of TiO 2 from UVA region to visible region through chemical additives (electron donors and suppression of backward reaction), noble metal loading, ion doping, sensitization and metal ion-implantation with a view to produce visible light responsive TiO 2 or VLR-TiO 2 .
126,127 However, efforts to increase the quantum efficiency of VLR-TiO 2 under solar light is still in its infancy 126 and hence, practical applications of these technologies for remediation of cyclic nitramine and nitroaromatic explosives in large scale are currently not viable. Balkus Jr 128 introduced nanoparticles in a variety of shapes including nanotubes, nanorods as well as quantum dots for heterogeneous photocatalysis in various applications including environmental remediation. In this context, Eskandari et al. 96 illustrated that CdS nanostructures under visible LED light sources degraded various aromatic nitro compounds to corresponding amines with maximum irradiation time up to 20 h and percentage yield ranged from 40% to 97%. The compromise between photoabsorption efficiency and quantum efficiencies of CdS nanostructures under visible LED light sources might have played a role in the prolonged irradiation time as reported by Eskandari et al. 96 Recently, a series of mesoporous materials such as, H 3 129 for rapid and environmentally safe degradation of 2,4-DNT and 2,6-DNT. Hence, this review envisage that the future of application of photo degradation in remediation of hazardous photo degradable explosives relies on several research domains, namely, continuous-ow photochemistry, micro photo reactor technology incorporating energy efficient light sources at low wavelength as well as advances in photosensitive nanostructure development. Additionally, continuous-ow photo degradation has the potential to incorporate rapid, energy efficient, cost effective, portable and green remediation practices not only for effluents from military ranges and ammunition plants but also for the remediation of water in swimming pools, rain water tanks, surface water reserves, sh tanks and ponds used in sheries industries as well as wastewater from agricultural, livestock and poultry industries. With the advent of energy efficient light sources, green reagents and environmentally safe photocatalysts, the principles of continuous-ow photochemistry will strengthen the futuristic views of cheap and portable solution for 'scaling-up' the yield of photo degradation in minimal time through direct, homogeneous or heterogeneous photo degradation, where the resultant reactive species from photo degradation will be utilised for remediation of water. In light of the discussions based on future directions of remediation of EMs in water using photo degradation, Table 7 illustrates a qualitative guidance for chemists and remediation practitioners to compare photo degradation with the traditional techniques.
Conclusions
Three types of photo degradation techniques namely direct, homogeneous and heterogeneous photo degradation can be applied for remediation of cyclic nitramine and nitroaromatic explosives. The percentage yield of degradation and degree of mineralisation through photo degradation are inuenced by radiation sources, irradiation time, photocatalysts as well as important physical-chemical parameters such as pH and initial substrate concentrations. While the photo degradation of these explosives in batch mode are widely practiced at present, the need for 'fast, safe, cost effective, and energy efficient' remediation of these hazardous explosives has resulted signicant advances towards the next generation photo degradation technology. In this context, the recent advances in the synthesis of photosensitive nanostructures as well as highly energy efficient light sources at low wavelength (e.g., deep UV LED) possess the potential to facilitate "scale-up" in continuous-ow micro photo reactors incorporating direct, homogeneous or heterogeneous photo degradation processes.
